Background: Bilateral contralateral routing of signals (BiCROS) hearing aids function to restore audibility of sounds originating from the side of the unaidable ear. However, when speech is presented to the side of the aidable ear and noise to the side of the unaidable ear, a BiCROS arrangement may reduce intelligibility of the speech signal. This negative effect may be circumvented if an on/off switch is available on the contralateral routing of signals (CROS) transmitter.
INTRODUCTION

I
ndividuals with an asymmetrical hearing loss that includes one unaidable ear face a special challenge when it comes to hearing aid fittings. The poorer ear may be unaidable because of the severity of the hearing loss, distortion to sounds, or hypersensitivity to sounds from that ear. These conditions make the fitting of bilateral hearing aids inappropriate. Consequently, binaural advantages such as binaural squelch (Dillon, 2001; Moller, 2006) and binaural summation (Shaw et al, 1947) are absent. The ability to localize sounds is also impaired with the loss of binaural hearing (Hä usler et al, 1983; Slattery and Middlebrooks, 1994; Tyler et al, 2002) . Although the aidable ear may retain its functionality with amplification, the detection of sounds arriving from the side of the unaidable ear is compromised because of the head shadow effect (Shaw, 1974) , leading to difficulty in hearing speech and other sounds that originate from the unaidable side. The contralateral routing of signals (CROS) and bilateral CROS (BiCROS) hearing aid systems have been offered as a solution to achieve audibility of sounds from the side of the unaidable ear (Harford and Barry, 1965; Harford, 1966) . This paper reports on how the functionality of a BiCROS system may be enhanced through training on the use of an on/off switch on the CROS transmitter.
In a CROS system, sounds from the unaidable side are transmitted to the ear with normal hearing. A BiCROS system transmits sounds from the side of the unaidable ear to the aidable side (which has a hearing loss). Sounds from the aidable side are also picked up by a microphone on that side. Thus sounds from both sides (aidable and unaidable) are delivered to the aidable ear (Dillon, 2001) . Neither CROS nor BiCROS restores true binaural functions; however, both systems alleviate the effects of the head shadow and provide audibility of sounds from the side of the unaidable ear. Individuals with hearing loss, including those with asymmetrical and unilateral hearing losses, often desire restored access to sounds from the side of the unaidable ear to improve participation in conversation. CROS and BiCROS amplification can offer audibility and improve speech recognition in quiet and in some background noise conditions when compared to the unaided and unilaterally aided conditions (Lotterman and Kasten, 1971; Del Dot et al, 1992; Lin et al, 2006; Hol et al, 2010; Kuk et al, 2014a) . Such benefits were also reported in real-world subjective ratings and questionnaires (e.g., Hill et al, 2006; Hol et al, 2010; Ryu et al, 2014) . Lotterman and Kasten (1971) studied speech intelligibility with a CROS hearing aid in a variety of speech and noise backgrounds. They included speech to the aidable ear and noise to the unaidable ear, speech to the unaidable ear and noise to the aidable ear, speech to the aidable or unaidable ear with noise above, and speech from the front with noise above. Among all conditions, aided performance was the best when speech was presented to the unaidable ear (where the CROS transmitter was placed) and noise to the aidable ear (76%). Aided performance was the poorest when speech was presented to the aidable ear and noise presented to the unaidable ear (57.8%). Although the results reported in Lotterman and Kasten (1971) supported the use of CROS in some listening situations, it demonstrated a potential condition (noise to unaidable ear) in which a CROS/BiCROS system may be counterproductive. Unfortunately, no details on the test hearing aid (such as make and model, the presence/absence of an on/off and volume control) were disclosed to allow speculation on whether performance may be enhanced.
Recent literature has included reports of the limitations of a CROS system in specific listening situations. Hol et al (2005) evaluated a conventional CROS (no description provided) and an osseointegrated auditory implant (OAI) in 30 participants using short, everyday sentences in noise. The comparison was made to the unaided condition when noise was presented to the unaidable ear and speech to the front. The authors reported increased signal-to-noise ratios requirement for the CROS device over the unaided condition. The authors suggested that this decrease in performance could be remedied by selective use of the transmitter while in noise (Hol et al, 2005) . Unfortunately, that option was not available on the study hearing aid. Therefore, the only means to deactivate CROS transmission was to remove the hearing aid from the transmitter. Lin et al (2006) also compared the unaided condition to the CROS condition using the Words in Noise test with speech and noise presented from different directions. Poorer performance was noted when noise was presented to the side of the CROS transmitter and speech to the side of the receiver; whereas improved performance was noted when noise was presented to the receiver and speech to the CROS transmitter. The decreased speech in noise performance when noise was presented to the unaidable ear was also demonstrated by Ryu et al (2014) .
The finding that speech intelligibility performance can be degraded by background noise presented on the unaidable side should not be surprising. The noise that was once inaudible (from the unaidable side) becomes audible through the aidable ear and interferes with speech presented on that side. Although the principal mode of CROS use is to wear the transmitter activated all the time for consistent audibility, one should consider deactivating the transmitter in situations where the use of CROS may be less beneficial. This will be the case where noise is presented to the unaidable or transmitter side. Under such a situation, if there is a mechanism within the CROS hearing aid to allow wearer activation/deactivation of the CROS microphone conveniently, and if the wearer is taught how to use this mechanism, it is anticipated that the limitation of a CROS system-poorer speech intelligibility when noise is presented from the unaidable ear, can be minimized. Wearers of a CROS system also have problems with localization. Lin et al (2006) reported poorer aided performance with a CROS compared with the unaided condition for sound localization. The authors used the Source Azimuth Identification in Noise Test which required participants to identify the sound source from five loudspeakers spaced between 135°a nd 225°azimuths of presentation. Results reported by Lin et al (2006) were not unexpected because CROS eliminates the head shadow effect to result in all sounds being heard in the aidable ear at the same or very similar level. Again, the use of activation/deactivation mechanism on the CROS transmitter may circumvent the limitation and facilitate localization of sounds originating from the left and right through a change in loudness. For example, turning off the CROS transmitter should have no effect on the level of the signal heard in the aidable ear if that sound originates on the side of the aidable ear. On the other hand, turning off the CROS microphone on the transmitter should result in a softer sound heard in the aidable ear if the signal originates from the side of the unaidable ear. This is because the signal from the unaidable side must now overcome the head shadow to be audible in the aidable ear. Instructing the wearers on how to utilize this knowledge could potentially help them localize sounds presented from the left and the right.
The current commercial CROS systems allow volume adjustment on the transmitter. This could reduce the output of the transmitter and may provide some loudness cues to help improve the listening situation. Potential limitations of using the volume control (VC) are the potential limited gain range that is offered, the uncertainty in how much gain reduction is needed to reach a noticeable change, and the time it takes to reach the final VC level. An on/off switch, on the other hand, may yield a more immediate perceptual impact (because it is all or none). However, this feature is not readily available or easily accessible in modern CROS systems. The current commercial devices require the wearers to open the battery door on the CROS transmitter to deactivate CROS transmission. Although this action can deactivate the CROS system, this is inconvenient and nondiscreet. In addition, this action could lead to an increased risk of losing the battery or the device. These likely consequences discourage the consistent use of this feature; and ultimately the wearer would either leave the CROS system in its default and tolerate the poor speech in noise performance when noise is presented from the unaidable side, or give up the use of the CROS system altogether. Ease of use is important to encourage consistent hearing aid usage. Recently, Widex introduced its CROS system that uses near-field magnetic induction technology as a means to achieve CROS functionality. The CROS transmitter is a stand-alone device that can be coupled to any wireless Widex Dream hearing aids (at all price points and performance levels) to form a CROS/BiCROS system. One of the many unique features is a separate on/off button and VC switch on the transmitter. The on/off button allows the user to conveniently and quickly activate or deactivate CROS transmission without removing the hearing aid or opening the battery door on the transmitter. The VC allows the wearers to regulate the amount of sounds being transmitted. These two features offer the opportunity for the wearers to use their CROS hearing aids more effectively in more listening conditions (such as noise from the side of the unaidable ear). If one can further pair these features with proper instructions and practice with the wearers on how and when to utilize these features, it is foreseeable that the limitations of a CROS system may be minimized and wearer satisfaction increased. Thus, the current study was undertaken to demonstrate the potential benefit of training on the use of on/off switch on the CROS transmitter on speech understanding and localization ability. More specifically, we compared the speech intelligibility and sound localization performance of the Widex CROS between a fixed setting and an adjusted setting (of on/off switch). In addition, data on the unaided and aided (aidable ear only) conditions would also be included for completeness.
METHODS
Participants
A priori power analysis based on the data from Kuk et al (2014a) suggests that eight participants would be sufficient to yield a power at 0.8. Nine participants (three males and six females) were included in the study. The average age was 62.5 yr (48-76 yr). All participants were native speakers of American English. The participants whose audiological data suggested that they could be BiCROS candidates were recruited. This meant one ear was aidable with conventional amplification while the other ear had a hearing loss that was unaidable. This included a profound degree of sensorineural hearing loss that cannot be aided using conventional hearing aids, a poor word recognition score that was not commensurate with the degree of hearing loss, reported distortion of sounds, and/or severe sensitivity to moderate and loud sounds in the unaidable ear. All participants were fit with a BiCROS system because the aidable ear exhibited a hearing loss. Eight of the nine participants had some experience with amplification. Table 1 displays the etiology of the hearing loss (for the unaidable ear), the participants' experience with hearing aids, types of hearing aid(s) worn, and who wore a hearing aid on the aidable ear (unilateral or BiCROS). The average experience with amplification was 13.1 yr, with a range from no experience (one participant) to 37 yr of experience. Two participants wore a BiCROS system, one participant used an OAI (but the OAI was not worn during the course of the study), and five participants used unilateral hearing aids in the aidable ear. One participant who used a unilateral hearing aid discontinued the use of his hearing aid for several years due to low acceptance, possibly because the device was fit on the unaidable ear. The participants' average audiometric thresholds for the aidable ear and the unaidable ear are displayed in Figure 1 . There were six participants with the right ear as unaidable and three participants with the left ear as unaidable. Four of the participants were included in a previous study that evaluated the BiCROS instruments in a laboratory study (i.e., no home use). Although not the intent of the study design, the participants in this study were rather heterogeneous in their characteristics. This should not make data interpretation more difficult as it is the relative performance difference across conditions in which we are interested. Furthermore, this allows us to examine the effect of training on people with diverse backgrounds. Each participant signed an informed consent upon their inclusion in the study. They were financially compensated for participation in the study (Figure 1 , Table 1 ).
Hearing Aids and Fitting
The Widex CROS transmitter (in the style of a Widex Fashion Behind the Ear) was worn on the unaidable (or poor) ear and was wirelessly paired with the Widex Dream 440 m-CB (Clear Band) Behind the Ear (the BiCROS receiver hearing aid), which was worn on the aidable (or better) ear. The CROS transmitter includes a volume toggle to control the volume of the transmitted sounds, and an on/off button on the bottom of the hearing aid that enables and disables CROS transmission. The CROS transmitter features a 25 kHz sampling frequency (which allows transmission bandwidth of 12 kHz), and uses a carrier frequency at 10.6 MHz (range: 10.2-11 MHz) at a rate of 21 Hz. The receiving hearing aid (Dream 440 m-CB) is a 15 channel wide dynamic range compression hearing aid. The Clear Band model has a dual receiver that allows separate output for low frequency and high-frequency sounds. This permits a frequency response from 100 to 8600 Hz as measured in a 2-cc coupler (ANSI S3.22-2009). The Dream hearing aid also includes an extended input limit, which allows input levels up to 113 dB SPL without distortion.
The Dream 440 m-CB hearing aid was configured to include a multichannel, fully adaptive directional microphone with a pinna compensation algorithm. This algorithm mimics the directional characteristics of the pinna by spatially filtering the incoming sounds to effectively achieve a directivity index of 2-4 dB in the 2000-6000 Hz region (Kuk et al, 2013) . In addition, a speech intelligibility index-based noise reduction algorithm, active feedback cancellation system, and impulse noise control features were activated. The CROS transmitter microphone was configured to a broadband fully adaptive directional microphone. The hearing aids were coupled to a thin tube with an instant-fit tip appropriate for each participant's hearing loss. In situ hearing thresholds were obtained through the use of the sensogram, a proven reliable method (Smith-Olinde et al, 2006) . These thresholds were used to prescribe gain settings on the BiCROS receiver hearing aid. Verification of appropriate gain on the BiCROS receiver was monitored by ensuring that the predicted aided hearing thresholds at 500, 1000, 2000, and 4000 Hz were as close to 20 dB HL as possible. That was achieved for all participants up to 2000 Hz, and was achievable in five of the nine participants at 4000 Hz. The remaining participants were about 10 dB off from the target predicted aided thresholds. The predicted aided thresholds were shown to be similar to the measured aided thresholds (Kuk et al, 2003) . Fitting and testing of all participants were performed by the same audiologist (ES) with normal hearing. During fitting of the BiCROS hearing aid, the clinician first matched the Dream hearing aid with the CROS transmitter. Verification of proper transmission was achieved by the clinician rubbing his fingers and speaking into the CROS microphone and confirming that the sound was audible on the aidable side with the transmitter on versus off. No additional verification was necessary because (a) all Widex CROS systems were calibrated in-house to have the same real-ear unaided responses at 45°and 315°azimuths of presentation; and (b) the optimal frequency output of a BiCROS system was already reflected by the optimal predicted aided thresholds of the BiCROS receiver.
Equipment and Setup
All laboratory testing was performed in a doublewalled sound treated booth (Industrial Acoustics, 109 3 109 3 6960). A GSI-61 audiometer with TDH-50 supra-aural headphones were used for audiometric measures. Test stimuli were generated and delivered using a custom computer program via an EchoAudio24 sound card and Rotel amplifier. Sound-field stimuli were presented through four KRK ST6 loudspeakers (frequency response from 62-20 kHz, 6 2 dB). The four loudspeakers were placed at 0°, 90°, 180°, and 270°sur-rounding a chair where the participants were seated. The center of the loudspeaker driver was 420 above the floor, and the loudspeaker cones were 570 apart. A Planar 170 PT1700 MU touch screen was used to collect participants' responses during the localization training and testing.
Test Conditions
Hearing Aid Conditions
Four hearing aid conditions were evaluated as follows: unaided, aided, fixed BiCROS, and adjusted BiCROS. The aided condition represented the use of the study hearing aid on the aidable ear only. The fixed BiCROS condition included the use of the CROS transmitter on the unaidable ear and the study hearing aid on the aidable ear. The default settings on the hearing aids were used and participants were not instructed on the use of the program buttons on the transmitter. The adjusted BiCROS condition included the use of the CROS transmitter on the unaidable ear and the study hearing aid on the aidable ear. In addition, participants were instructed and trained on the use of the on/off switch to optimize speech understanding in noise and localization for laboratory testing and real-world use of the BiCROS device. These hearing aid conditions represent a progression of benefits and requirements on the wearers. A sequential order of presentation would potentially incur the order effect and may make the last hearing aid condition (i.e., adjustable BiCROS) appear more favorable. On the other hand, a random (or counterbalanced) order of presentation has an unpredictable impact (i.e., either inhibitory or facilitatory) on the simpler hearing aid condition (e.g., aided unilaterally) when the more advanced hearing aid condition is presented first. We believe that a sequential order is less problematic than a random order and adopted that order of presentation in this study.
Training for Speech Intelligibility To train on the optimal use of the on/off switch for speech understanding in noise, participants were presented with a looped speech sample "Say the word" embedded in a diffuse noise background. The speech was presented from one side (either left or right), whereas the noise was presented from the opposite side and front and back. The participants were asked to turn the CROS transmitter off and back on, and listen for any perceptual difference in speech clarity or amount of noise interference between the two conditions (i.e., transmitter on and off). If speech understanding became more difficult (or more noisy) with the transmitter turned off, it would suggest that speech was presented on the side of the transmitter ear (or unaidable ear). In that case, the participants should turn the transmitter microphone back on. If turning off the transmitter resulted in better sound quality or easier speech understanding or less noise interference, the noise likely originated from the transmitter side. The participants were instructed to leave the transmitter deactivated. Following the instructions, the participants practiced identifying the source of the speech signals while adjusting the on/off switch setting on the transmitter. The participants had to be correct in judging the sound sources (or optimal on/off switch position) at least four times in a row before the clinician advanced to testing. All the participants learned to use this strategy within 10 min of training. During the actual speech in noise test, the participants were allowed to adjust the on/off switch position to their preference at the beginning of the speech test. That setting was maintained for the remainder of the test trial. They were also allowed to adjust the VC switch during the presentation of the word list. A written reminder was provided to the participants during the speech test (see Appendix A).
Training for Localization To train for left/right localization, a target sound (see stimulus materials) was presented either from the left or the right loudspeaker. The participants were instructed to turn off the CROS transmitter and determine if they noticed a change in the loudness of the target sound between CROS transmitter on and off. If the loudness of the target sound was not affected, the participants were told that the target sound originated from the side of the aidable ear. If the loudness of the target sound decreased or became inaudible, the participants were told that the target sound originated from the side of the unaidable ear. The participants were instructed to reactivate the on/off switch to confirm. The participants practiced on identifying the source directions until they were correct four times in a row before the clinician advanced to the testing phase. All the participants were able to follow instructions and reached criterion performance within 15 min of training. During the actual localization test, the participants were allowed to manipulate the on/off switch position for each stimulus to determine the location of the sound. They were instructed to listen to each sound, turn the transmitter off and on, and listen for a difference in loudness. They were also allowed to adjust the VC switch if they desired. A written reminder was provided to the participants during the localization test (see Appendix A).
Stimulus Conditions
Speech recognition testing was performed in the following five stimulus conditions, with the participant facing directly the front loudspeaker (i.e., 0°azimuth). They included the following: (a) speech was presented to the aidable ear with noise presented at 0°, 180°, and unaidable ear (speech aidable, noise); (b) speech was presented to the unaidable ear with noise presented at 0°, 180°, and aidable ear (speech unaidable, noise); (c) speech was presented from the front with noise presented at 90°, 180°, and 270°(speech front, noise). Under these conditions, the overall level of the continuous, speech-shaped noise (same spectrum as Northwestern University Auditory Test Number 6 [NU-6] words) was 68 dB SPL and the speech level was 68 dB SPL. (d) Speech was presented to the aidable ear in quiet at 50 dB SPL (speech aidable, quiet). (e) Speech was presented to the unaidable ear in quiet at 50 dB SPL (speech unaidable, quiet). These stimulus conditions were counterbalanced among participants to minimize order effect.
The thresholds of each of the three test stimuli used for localization testing were measured using the 0°a zimuth loudspeaker while following the modified Hughson-Westlake method of threshold determination (Carhart and Jerger, 1959) . All subsequent localization testing was performed at 30 dB sensation level using the highest threshold of the three possible stimuli as reference. A four-loudspeaker array equally spaced around a 360°horizontal plane was used. Each loudspeaker was placed 1 m from the position of the center of the participant's head. The participants were allowed to move their heads to aid in localization, but they were not allowed to move their bodies during the testing. Localization testing was performed also in the unaided, aided (unilateral), fixed BiCROS, and adjusted BiCROS modes.
Test Materials
Speech Recognition
The NU-6 open word test was used (Tillman and Carhart, 1966) . A computer program was written to split the four, 50-item full lists into eight, 25-item half lists for evaluation. The test was scored based on the number of words correctly identified by the participant. Participants were asked to repeat the target words following the carrier phrase. Participants were encouraged to guess if they were unsure of the target word. Speech and noise were both presented at 68 dB SPL. The noise was a continuous speech-shaped noise with a spectrum resembling the NU-6 words. This was used in lieu of a multitalker babble for a more complete and consistent masking (versus temporally fluctuating and nonmatching spectrum).
Localization Testing
The localization test program used three looped stimuli (alarm, female speech, and white noise) each for a maximum duration of 1 min. The participants were asked to determine where (front, back, left, right) they heard the test stimulus and respond using the touch screen. Each stimulus was presented through each loudspeaker three times in a random order (3 stimuli 3 3 presentations 3 4 loudspeakers 5 36 presentations) with a 2 dB roving. No feedback on the correctness of the responses was provided. On conclusion of the localization test, data were automatically saved to a data file via the software for offline analysis.
Questionnaires
The Speech, Spatial, and Qualities of Hearing Scale (SSQ) questionnaire developed by Gatehouse and Noble (2004) was used to evaluate the degree of difficulty participants experienced in different listening scenarios. The questionnaire included three subscales--Speech and Hearing, Spatial, and Sound Qualities. A 10-point rating scale was used in each subscale. The SSQ questionnaire was completed by all participants for the baseline condition (three participants were unaided and six participants reported their own aids; see Table 1 ), after wearing the Dream hearing aid on the aidable ear, and after wearing the BiCROS with on/off adjustment. The participants did not wear the fixed BiCROS condition in real-life to prevent self-learning of on/off switch use. Thus, no SSQ was available for the fixed BiCROS condition.
Eight questions were formulated into a custom CROS questionnaire to investigate real-world participant behaviors with the use of the CROS transmitter. The questionnaire included multiple choice questions regarding use of the on/off switch and volume control, environments in which the CROS was the most beneficial and the least beneficial, and also a comparison between the CROS and the participants' current hearing aids. Comments were also solicited.
Procedure
Each participant spent a total of four, 2-hr sessions to complete the study. During the first visit, participants completed the baseline SSQ (on unaided or current hearing aid) and an intake history. Otoscopy and pure tone thresholds at octave frequencies between 250 and 8000 Hz, plus interoctave frequencies at 3000 and 6000 Hz were measured. Participants were fit with the Dream 440 m-CB hearing aid on the aidable ear. Speech recognition and localization testing were completed in the unaided and unilaterally aided conditions. Participants were asked to wear the Dream hearing aid home in their aidable ear and to complete an SSQ questionnaire before their next visit.
One week later, participants were seen for their second visit. Speech recognition and localization testing were repeated for the unilateral-aided condition. Participants were then fit with the CROS transmitter to complete the BiCROS fitting. Speech recognition testing and localization testing were completed in the fixed BiCROS condition. Following brief instructions on the use of the CROS on/off button, speech recognition testing was completed for the adjusted BiCROS condition. Participants were sent home with the CROS and asked to complete an SSQ (Adjusted BiCROS 1) before returning for their next visit.
During the third visit (1 week later), participants repeated speech recognition testing in the adjusted BiCROS condition, and also repeated the localization testing for the fixed BiCROS condition. Brief instructions were provided for right/left localization training with the CROS on/off button. Participants completed a localization test that evaluated only left and right sound sources. They were asked to complete an SSQ (Adjusted BiCROS 2) before their next visit.
Participants returned 1 week later for the fourth visit, in which localization testing was repeated for sound sources from left and right. A localization test using all four azimuths was also completed, with adjustments of the on/off switch allowed. Table 2 lists all trainings and tests completed during each visit. Figure 2 reports the mean NU-6 performance transformed into rationalized arcsine unit (rau) (Studebaker, 1985) for each hearing aid by listening condition. Rau is particularly useful when comparing speech recognition scores because the standard error of the difference between two scores is independent of the score value. A two-way repeated measures ANOVA was conducted to examine the effects of the hearing aid condition (unaided, aided, Table 3 summarizes the post hoc Bonferroni analyses (multiple comparison with adjustment) between any two hearing aid conditions for each stimulus direction. Conditions that were significantly different from one another were identified with an "x," p , 0.01. Because the results comparing the unaided, aided, and fixed BiCROS conditions have been previously reported in the literature, we focused our discussions on the conditions involving the adjusted and fixed BiCROS conditions.
In almost all cases, speech recognition improved in almost all conditions when the participants were allowed to adjust the BiCROS on/off switch to optimize their performance. The improvement was statistically significant when speech was presented to the aidable ear in noise (by 21.6 rau; p , 0.009), and to the unaidable ear in noise (by 12.2 rau; p , 0.009). The improvement was not significant when speech was presented to the aidable ear in quiet (by 6.6 rau), and when speech was presented to the front in noise (by 6.1 rau). A nonsignificant 5.9 rau decrease was noted when speech was presented to the unaidable ear in quiet. 
Localization
Data on the accuracy of localization (in percent) are reported in Figure 3 . All four directions were evaluated for the unaided, aided, and fixed CROS conditions. For the adjusted BiCROS condition, participants were evaluated two ways-using only the right and left loudspeakers and using all four loudspeakers (front/back/ left/right), after they were trained on the use of the on/off switch. Because some participants used a left BiCROS configuration and others used a right BiCROS configuration, the localization scores for the aidable and unaidable ears were reported instead of the left and right ears. With the four loudspeaker arrangement, localization on the side of the aidable ear was between 70% and 80% for both the aided and unaided conditions.
With the introduction of the BiCROS, performance for the aidable ear was reduced to below 50% (47.5% for the fixed BiCROS and 37% for the adjusted BiCROS). For the side of the unaidable ear, performance decreased from nearly 50% in the unaided condition to 13% in the fixed CROS condition. With the adjusted CROS, performance peaked to 50.6%, or a 37.6% points improvement in the identification of sounds from the side of the unaidable ear. However, it is noted in the same graph that when only the right and left loudspeakers were used, accuracy scores of 77.2% were obtained for the side of the aidable ear and 93.2% for the side of the unaidable ear. For all the hearing aid conditions, the localization accuracy varied between 24.6 and 38.2% for stimuli presented from the front and 18.5-24.1% for stimuli presented from the Note: Significant comparisons are marked with an "x" where the first condition listed is better than the second condition listed. The asterisk indicates that the second condition listed is better than the first condition listed. Figure 3 . Localization performance measured from the front, back, aidable side, and unaidable side for the unaided, aided, fixed BiCROS, and adjusted BiCROS conditions. Note that the localization performance for the adjusted BiCROS was also measured at the 90°and 270°loudspeaker locations (two-directions, filled circle and star). Error bars represent one standard error.
back. This revealed the relatively steady performance (or lack of a hearing aid/training effect) for these stimulus directions. A two-way repeated measures ANOVA was conducted to examine the effects of hearing aid condition (unaided, aided, fixed BiCROS, adjusted BiCROS) and listening condition (front, back, aidable side, and unaidable side) on localization accuracy. Results showed that the effects of hearing aid condition, F (3,24) 5 6.80, p 5 0.001, h 2 5 0.45, power 5 0.9; and listening condition were significant, F (3,24) 5 15.51, p , 0.001, h 2 5 0.65, power 5 1.0. The interaction between hearing aid condition and listening condition was significant, F (9,72) 5 3.28, p 5 0.002, h 2 5 0.29, power 5 0.9. A post hoc analysis with Bonferroni adjustment indicated that the localization accuracy for the unaided condition was significantly better than the fixed BiCROS and adjusted BiCROS when stimuli were delivered from the aidable side, p , 0.0125. Also, the localization accuracy of the fixed BiCROS condition was significantly poorer than the unaided and aided conditions when the stimuli were presented from the unaidable side, p , 0.0125. The comparisons between any other hearing aid conditions were not significant.
Speech, Spatial, and Qualities of Hearing Questionnaire
Although a SSQ questionnaire was administered at the beginning of the study as a baseline measurement, the fact that there were two BiCROS participants, four unilaterally fit participants, and three unaided participants made it meaningless to compare the baseline performance with other test conditions. Thus, we only compared the SSQ performance between the unilaterally aided condition and the adjusted BiCROS condition. Such a comparison could demonstrate the performance benefits of the CROS mic (with adjustment) in the real world and its potential advantages over a unilateral fitting of the aidable ear using the identical hearing aid. Figure 4 shows the mean ratings for the unilaterally aided and BiCROS hearing aid conditions for the three SSQ subscales. A two-way repeated measures ANOVA was conducted between hearing aid mode (unilaterally aided, BiCROS) and SSQ subscales. The results showed that the effect of hearing aid mode F (1,2) 5 5.13, p 5 0.05, h 
Custom CROS Questionnaire
Results from the custom CROS questionnaire are summarized in Appendix B. Entries in the "Frequency" column represent the number of participants (out of nine) choosing the specific response. For Questions 7 and 8, only eight participants were sampled because one never wore any hearing aids before the study. Participants were allowed to select more than one choice for Questions 2, 4, 5, and 6. Overall, the research participants were actively using the on/off switch outside the laboratory environment. All but one participant reported the use of the on/off switch and volume control. Typically, they used the switches "three or more times each day" and "when sounds were either too loud or too soft." The most typical reason to turning off the CROS transmitter was "when sounds were too loud, or when speech was not clear." Situations in which the BiCROS was most helpful included "when speech is to the side of the bad ear," "when the participant is in a car and the bad ear is to the side of another passenger," and "when the participant is in a noisy room." Situations in which the BiCROS was the least helpful were "when noise is to the side of the good ear," "when speech is to the side of the good ear," "when the participants are outdoors," and "when the participants are using the telephone." All eight participants rated the BiCROS as much better (5) or slightly better (3) than their current/previous hearing aids for speech understanding. They rated the BiCROS as "slightly better" than their current/previous hearing aids for localization. 
DISCUSSION
R esults from the current study confirmed the benefits of training on the adjustment of the on/off switch on a CROS transmitter (adjustable BiCROS) over no adjustment of the on/off switch (i.e., fixed BiCROS) for speech recognition in noise and sound localization. With the on/off adjustment option, a BiCROS participant achieved significantly higher speech recognition performance over the unaided, unilaterally aided, and the fixed BiCROS configurations in almost all listening conditions. Their ability to correctly distinguish between left and right was also improved. Subjective ratings using the SSQ yielded higher mean ratings for the adjustable BiCROS condition over the unilateral fitting for the Speech and Hearing and Sound Qualities subscales. Feedback from the participants supports the continued use of the on/off switch in the participants' real-world environments.
This study and previous studies confirmed the benefits of a BiCROS hearing aid over the unaided and aided hearing aid conditions (Lotterman and Kasten, 1971; Lin et al, 2006; Hol et al, 2010; Williams et al, 2012; Ryu et al, 2014) . The current study also confirmed that a BiCROS arrangement may not be beneficial when noise was presented to the unaidable ear. However, such a limitation was overcome when the participants were taught on making the on/off adjustment on the CROS transmitter.
Collectively, these results demonstrated two things. First, an optimal BiCROS hearing aid should have a convenient on/off switch on the transmitter for easy wearer control of the listening environments. Second, BiCROS candidates should also be taught strategies to selectively activate the on/off switch on the CROS transmitter to optimize their speech understanding ability in all listening conditions. Instructions on the selective activation of the CROS microphone should be part of the hearing aid orientation session where the audiologists instruct their patients on the operations of the hearing aids. In this case of the microphone on/off switch, the wearers should be instructed to leave the transmitter on all the time. However, they should be instructed to turn off the on/off switch on the CROS transmitter when they find speech understanding difficult. This could be during a conversation, or when they enter a new listening situation. If they find that turning off the on/off switch improves speech understanding, they should keep the CROS transmitter off because noise is most likely originating from the unaidable ear. When turning the transmitter off does not improve speech understanding but rather decreases it, speech is likely on the side of the unaidable (or transmitter) ear. The wearers should reactivate the transmitter to ensure consistent speech audibility. The whole demonstration and practice takes less than 10-15 min. This should be part of the compulsory hearing aid orientation process for BiCROS candidates.
Through the use of the CROS on/off switch, participants reported improved speech understanding in daily noisy environments, such as a coffee shop, classroom, and while in a car. As seen in Appendix B, all but one participant reported the use of the on/off switch. The one participant who did not use the on/off switch reported the use of the VC instead to improve participations in conversations. One participant remarked that using the on/off switch was more convenient than removing the device while in a noisy environment.
Another confirmation from this study is the extremely poor localization ability of BiCROS candidates. It is generally known that individuals who are hearing impaired have poorer localization ability than listeners with normal hearing (Noble and Byrne, 1990) . This study showed that BiCROS candidates likely have even poorer localization ability than hearing-impaired individuals with a symmetrical hearing loss. Kuk and Korhonen (2014) , using a 12-loudspeaker arrangement and participants with a moderate hearing loss, showed that the average accuracy of localization was about 70% for sounds presented from the front, 30% from the back, and around 80% for sounds presented from the sides (left and right). Stimuli used were 300 msec speech and narrow band noises. A criterion of one loudspeaker (or 630°) was used to judge accuracy. The test conditions used in this study were easier than that reported in Kuk and Korhonen (2014) ; yet subject performance was much poorer. Front/back localization of the BiCROS candidates were essentially at chance level of around 25-30%. Whereas localization of sounds from the side of the aidable ear appeared to be similar to that reported in Kuk and Korhonen (2014) , localization of sounds from the unaidable side was significantly poorer. Furthermore, the use of a unilateral hearing aid on the aidable ear did not seem to alter the localization performance. This is expected as the aidable ear was doing all the hearing.
A BiCROS configuration degraded localization further. Figure 3 shows that the fixed BiCROS condition degraded localization for both the aidable ear (from 76% to 48%, or a net of 28% points) and the unaidable ear (from 35% to 13%, or a net of 22% points). This happened because sounds from all directions are now perceived in the aidable ear only. On the other hand, providing the BiCROS and teaching the participants to adjust the on/off switch to improve localization were beneficial. The participants improved on their left/right localization to almost 80% when sounds were presented from either the right or the left only (Figure 3 ). This score was about the same for the aidable (or better) ear, but was significantly improved from the fixed BiCROS condition where identification score was close to chance. Although performance on the unaidable ear decreased when sounds were presented from each of the four loudspeakers, it was still higher than the fixed BiCROS condition.
The improvement in left/right discrimination with on/off adjustment may be attributed to the creation of an artificial "interaural level difference" cue when the participants turned off the CROS transmitter. When the CROS transmitter was on, sounds from the unaidable side were perceived in the aidable ear, thus the "interaural level difference" was nonexistent. On the other hand, when the participant deactivated the CROS transmitter, a sudden drop in loudness served as an interaural level cue that signaled the location of the sound from the unaidable side. Otherwise, there should be no difference in sound level with on/off switch adjustment if the sound originated from the aidable side. The change in level created by this manipulation is probably equivalent to the level of the head shadow effect that a BiCROS system intends to overcome, plus any volume control adjustment on the transmitter. Considering that the magnitude of the head shadow effect was 10-15 dB in the high frequencies, this change is clearly audible to the typical hearing aid wearer when such a loudness change occurs. Although we have not instructed the participants to adjust the VC on the transmitter to achieve the same outcome, it is expected that the result of VC adjustment may not be as dramatic and immediate as that of the on/off switch. During VC adjustment, each step change is typically 1-2 dB. Consequently, it could take the participants some time before they notice any loudness differences from their VC manipulation.
Although the on/off switch manipulation provides a loudness cue that facilitates left-right localization, there are limitations to what can be accomplished with such an adjustment. First, many real-life auditory events are transitory in nature and short in duration. Despite the fact that the on/off switch is easy to adjust, it takes time to switch back and forth to hear the potential loudness difference. Thus, this manipulation may only be suitable for real-life stimuli or events that are relatively long in duration. Stimuli or events that last over 10 s are necessary for the average wearer to switch between the on/off switch and form a loudness/azimuth determination. As the listeners gain more experience with the manipulation, they may become more efficient with their adjustment.
Another limitation with the manipulation is that so far the effect is limited to stimuli presented from the left and right only, and not when they are presented from more directions. One can say that the manipulation improved the participants' discrimination ability (between left and right) and not their identification ability (of left and right). This is likely due to the confusion caused by stimuli presented from the front/back. They may be spectrally different from the same stimuli presented from the two sides (Moller, 2006) , but they may sound equally loud as the sounds presented from the sides. That is, sounds presented from the front/back do not provide any intensity difference at the ears. This lack of a cue explains why front/back localization remained the same, and also why left/right (for unaidable and aidable ears) localization was poorer in the four-loudspeaker mode than the two-loudspeaker mode. This suggests that additional training may be necessary to improve the localization ability of BiCROS wearers in more complex situations. In that context, Kuk et al (2014b) provided a home training program that targeted at improving front/back localization of hearingimpaired listeners with symmetrical hearing losses. Use of that program may help improve front/back localization of BiCROS wearers also. On the other hand, as BiCROS wearers also have difficulties with left/right localization, the program made available by Kuk et al (2014b) would need to be modified for use in the BiCROS population.
The results of this study demonstrated the effectiveness of an on/off button located on the CROS transmitter for improving communication tasks such as speech understanding in noise and sound localization. Clearly, such effectiveness is contingent on the cognitive and physical abilities of the BiCROS wearers. Individuals who are not able to adjust the on/off switch would likely report no benefit from such a feature. At the same time, how conveniently the on/off switch is made available to the wearer could potentially affect its usability. The presence of an on/off mechanism that requires awkward manipulation is not likely to encourage consistent use. On the other hand, because the on/off switch is on the CROS transmitter, one would expect similar benefits from the on/off switch when the CROS transmitter is paired to other lower cost Widex Dream products (such as 330 and 220).
An important point to remember is that it is not the mere availability of the on/off switch on the transmitter that made the difference. Rather, it is the education and training of the participants that led to the current outcome. The study audiologist made sure that the participant understood the reasons and possible outcome of the on/off button manipulation. To reinforce the concept, participants practiced on the use of the on/off switch after the instructions until they correctly made the right on/off choice four times in a row. This is practical for the average clinic because the instruction, demonstration, and practice took between 10 and 15 min to complete. Equipment-wise, a minimum of two loudspeakers placed on the side of the aidable ear and the unaidable ear will be required. Considering the participants' satisfaction with the BiCROS device in the realworld, the 15 min instruction is a good investment of clinical time. The feedback on the BiCROS questionnaire supports the assertion that these participants know when and how to use the on/off and VC switches appropriately to enhance their communication success. 
